Introduction
By definition, a material is a solid substance selected out of many others for its useful physical properties, allowing it to become an essential part of a system or an object. Materials characterization is thus a crucial task upon choosing a formulation, a synthesis method, or a production process. Depending on the kind of technology in which the considered material will be integrated, not all but a limited number of properties need to be precisely known. Among them, density on the one hand, and mechanical and thermal properties on the other hand, are often of paramount importance, whatever the final application. The first two characteristics can generally be easily measured on small samples, but this is rarely the case in practice for thermal properties, and especially as far as the conductivity of insulating materials is concerned.
Indeed, the heat transfer properties of poorly conducting materials are best measured with rather big samples. For instance, the guarded hot plate method [1] [2] [3] requires typical sizes of 30 × 30 cm 2 according to the ISO 8302:1991 standard 4 . Such dimensions are problematic at the lab scale when new materials are developed. Most of the time, preparing new materials with improved properties or original structures is indeed costly and, in particular when new formulations and preparation methods are developed, upscaling the processes for producing large amounts is a true challenge. In some cases, the volume of the samples is also limited by the size of the reactors in which they are prepared, and this especially applies to aerogels. Aerogels are a special kind of materials prepared by sol-gel polymerization in a solvent, and whose porosity is produced by supercritical drying [5] [6] [7] . Such preparation step thus requires a special autoclave wherein the solvent saturating the porosity of the gels can be evacuated without collapse. As a result, extremely narrow pores are formed in which a Knudsen effect takes place, making these materials prone to present a thermal conductivity lower than air. These materials are thus called "superinsulators", with typical thermal conductivities within the range 0.012 -0.025 W m -1 K -1 .
Manufacturing large blocks of aerogels for determining their thermal conductivity by the guarded hot plate method is unrealistic for at least two reasons: (i) the capacity of the corresponding supercritical point driers should be extremely high, thus consuming tens or even hundreds kg of liquid CO 2 for producing such large samples; and (ii) the time for such production would be tremendously long since the process is based on solvent exchange, the latter being driven by diffusion, whose characteristic time varies as the squared thickness. Therefore, not only making big monoliths is not possible at the lab scale, but optimizing this kind of materials also passes through the screening of many formulations. The corresponding syntheses and trials associated to such screening can only be achieved with small samples, which can be prepared rapidly, but whose thermal properties must be known before the best formulation can be up-scaled to the industrial level.
The same also applies, although to a lower extent, to insulating foams 8 . The latter fit into the class of traditional insulators, with typical conductivities within the range 0.030 -0.050 W m -1 K -1 . The number of formulations that are required for finding a compromise between high mechanical strength and low thermal conductivity, which are two antagonistic properties (see 9 for instance) require fast and accurate characterization, again based on small samples. The question of preparing and testing as much samples as possible, inevitably of limited dimensions, for selecting the most promising ones is especially important when it comes to the search of high-performance insulators for the renovation of buildings. In this context, superinsulators allow saving 3 to 5 % of living area, compared to traditional insulators.
Methods exist for measuring the thermal conductivity of centimeter-sized samples, some of them being commercialized. This is the case of flash 10, 11 , hot strip 12, 13 , or hot disk 14, 15 methods, for instance. However, and whereas the corresponding suppliers claim that those methods are relevant for characterizing insulating materials, some intrinsic drawbacks induce huge errors on the measured values of thermal conductivity.
Thus, the flash method is intrinsically inappropriate to insulating samples for the following reasons 16 : (i) insulators are often semi-transparent with respect to flash radiation; (ii) the measurement of surface temperature on a very light material is difficult to realize with precision; and (iii) the exchanges on the irradiated surface are often very different from the exchanges on the opposite surface (significant temperature differences). On the other hand, both hot strip and hot disk methods do not take into account the heat losses through the wires of the thermal sensor. It will be shown in this paper that the lower the sample size and the lower its thermal conductivity, the higher the contribution of these losses to the final result.
At the lab-scale, other methods have been developed, such as the centered hot plate 17 , based on samples of size 10 × 10 cm 2 , or very recently the centered hot plate with convective guard 18 , using samples as small as 4.5 × 4.5 cm 2 . Whereas these methods present significant advances towards the thermal characterization of tiny samples, still they fail in determining accurately the conductivity of centimeter-size samples, since edge effects can never be suppressed at the center of materials having so small dimensions.
The purpose of the present work was thus to offer a new method allowing the thermal characterization of poorly conducting materials based on cylindrical samples of diameter 15 mm, with an accuracy of 10%. For that purpose, a steady-state method that we will call the Calibrated Tiny Hot Plate (CTHP) is offered here, having the following characteristics: (i) using a sensor whose heat capacity may be higher than that of the sample; (ii) based on the average surface temperature, given the impossibility of reaching a purely 1D transfer at the center of small samples; and (iii) in which the heat losses through the wires have been thoroughly calibrated. The dramatic impact of these losses, and hence the importance of such calibration, will be demonstrated with a standard measurement of thermal conductivity carried out with the Hot Disk method on an insulating sample of known conductivity. The new CTHP device will be described and tested with small samples belonging to the class of either traditional insulators of superinsulators, and having well-known conductivities formerly measured by the centered hot plate method with large samples.
Principle and modeling of the CTHP method

Device
The new CTHP device is described in figure 1 . It consists of a thin heating disk of diameter , inserted between two identical cylinders of the sample to be characterized having a given thickness but the same diameter as that of the thin heating disk. The faces of the latter are coated with metal, allowing maintaining a uniform temperature T 0 on those areas. The non-heated (thus external) sides of the cylinders are in close contact with aluminum blocks, also imposing uniform temperatures T 1 and T 2 on these areas. The whole device is placed in a thermally regulated enclosure at temperature T ext . A current of intensity is forced to flow throughout the heating element of resistance , thereby producing a flux by Joule heating. Part of this heat flow rate is transferred through the samples whereas the rest, ϕ wires , is dissipated towards the exterior through the connection pads of the current feed wires and through the thermocouple wires.
Modeling
Based on the setup described in Fig. 1 , it can be assumed that: -The samples to be characterized are isotropic; -The loss coefficient ℎ (through convection and radiation) is the same for all measurements; -The thermal resistances of the contacts are negligible with respect to those of the samples; -The losses through the wires are proportional to the difference T 0 -T ext , and the proportionality factor is the same for all measurements. Let:
(1) be the heat flow rate leaving the face at uniform temperature of the sample of thickness t with the other face maintained at uniform temperature and the lateral face exchanging with the surrounding air at with a global heat transfer coefficient ℎ, as represented in Fig. 2 .
Here λ is the thermal conductivity of the sample and is a coefficient characterizing the losses throughout the current feed wires and the thermocouple wires. 
where is the radius of the sample, ; is the Bessel function of first kind and order 0 and ; is the Bessel function of first kind and order 1.
The flux density leaving the disk surface at temperature at a distance > from its center can be calculated as:
with:
The value of the total heat flow rate leaving this surface can thus be deduced. It reads: 
The heat balance over the heating element reads:
Finally, E P Q 3 can be expressed as:
The unknowns of the problem are thus @, and ℎ.
Calibration
The parameters and ℎ can be obtained by performing M measurements (M ≥ 2) with samples of the same material of different thicknesses R having a known thermal conductivity λ Q S . For each tested value of ℎ, the value of is first determined so that the estimated value λ 3 of the thermal conductivity for the thinner sample is equal to the reference value λ Q S .
Then, the thermal conductivity is estimated using the same values of k and h for the samples with higher thicknesses. The process is repeated until we find a value of h such that the following sum is minimized:
The device obviously has to ensure perfect reproducibility of the external conditions so as the assumption of constant values of and ℎ from one experiment to another still holds. Since ℎ may depend on the temperature, the calibration is only valid for one temperature.
Measurement
Once the values of and ℎ are determined, Eq. (13) in which:
-E and E are calculated from Eq. (11) -E P Q 3 is calculated from Eq. (14) .
has one single unknown λ, and then can be numerically solved.
Materials and methods
Materials
Given that the two methods compared in the present study, i.e., the Hot Disk and the new method developed here, both use a sensor sandwiched between two identical samples (see below), the various tested materials were always considered in pairs. They were: c corresponding values were considered as references for estimating the accuracy and the reliability of the two conductivity determination methods considered here.
All materials were then cut into cylindrical shape and gently polished using very fine sandpaper so that the final diameter was exactly 15 mm. Fig. 3 shows the panel of sample pairs used in the present study.
Methods
Hot Disk tests
In order to evidence the limitations of the Hot Disk method applied to small insulating samples, the thermal conductivities of the aforementioned XPS foam and SA superinsulator (blue and white materials in Fig. 3, respectively) were measured by the transient plane source method with a commercial thermal conductivity analyzer (Hot Disk TPS 2500, ThermoConcept, France). The measurements were carried out at stable room temperature (21°C) and relative humidity (40% RH) using the 7577 probe (radius 2.001 mm). The samples were in the form of two similar cylinders of diameter of at least 15.00 mm, and of various thicknesses . According to the Hot Disk manual, the optimal thickness must be in the range 10 -40 mm. However, due to scale-up limitations and to the way some lab-made materials are prepared, especially aerogels, most of samples present a thickness below 10 mm. Thus, in spite of the aforementioned recommendation about thickness, samples thinner than 10 mm, i.e., in the range 3 -9 mm, were tested with the Hot Disk method, with the aim of showing its limitations for small samples ( ≥ 15 WW and < 10 WW).
The Hot Disk sensor consists of an electrically conducting pattern in the shape of a double spiral, which has been etched out of a thin nickel foil and sandwiched between two thin sheets of Kapton®. When the condition > 3.75 WW (i.e., > /4, according to the Hot Disk manual) is fulfilled, the maximum radius allowed for the probe is r max = 3.75 mm. When < 3.75 WW, r max is equal to t. Here, the minimum value of is 3 mm. As a consequence, the 7577 probe (radius 2.001 mm) is the largest and only probe that can be used for these experiments. The available penetration depth ∆_ is equal to the minimal value between and /2 -> (where r is the radius of the probe). Thus, if > 5.5 WW is respected, the maximum value of ∆_ is /2 ->, i.e., 5.5 mm. Otherwise ( < 5.5 WW), the maximum of ∆_ is equal to t.
The samples -sensor sandwich was then placed under an aluminum bell jar preserving it from convection and air turbulences. A light aluminum disk was also used to gently press together the surfaces of samples and probe and hence to maintain a thermal good contact. The aluminum disk was the same in all experiments and the applied stress was also constant. The device was left to equilibrate for 1 hour with the surroundings of the air-conditioned lab (a minimum of 20 min only is recommended for insulating materials according to the Hot Disk manual). From the temperature profile measured by one spiral after a heat pulse was delivered by the other spiral, the thermal conductivity was calculated by the Hot Disk 6.1 software. The characteristics of the heat pulse were also specified before starting the experiment. The selected duration of the pulse was in the 10 -40 s range while the input power ranged from 3 to 7 mW. Only two combinations of power and pulse length were used: 10 s and 7 mW, or 40 s and 3 mW.
Such method is highly attractive because of the fast measurements and the limited sample size it allows in practice. However, some restrictions on the results must be respected. The total temperature increase during the heat pulse must be in the 3 -7 K range while the temperature increase in the selected area of the graph used for the calculation must be in the 0.4 -4 K range. The total characteristic time should take a value between 0.33 and 1 s, and the mean deviation should be below 10 -3 K. Finally the penetration depth ∆_ should respect the aforementioned criteria.
Calibrated Tiny Hot Plate Device (CTHP)
The CTHP device is based on a circular heater made of a metal foil sandwiched between two thin Kapton® sheets supplied by Captec (France). The two faces of the heater were covered with a 0.1 mm-thin self-adhesive aluminum foil of identical area in order to homogenize the temperature on both sides. The outer dimensions of the heating element were 15 mm and 0.25 mm for diameter and thickness, respectively. A K-type thermocouple with a 0.05 mm diameter was next inserted between the heater and one aluminum foil, allowing measuring the temperature T 0 , assumed to be uniform, of the heated faces of the samples.
Such heating element was then placed between two identical samples to be characterized, having fixed diameters of 15 mm and thicknesses already mentioned in section 3.1. The non-heated sides of the materials were maintained at temperatures and , very close to the ambient temperature, , thanks to their close contact with two thermalized aluminum blocks, as shown in Fig. 4 .
Figure 4. Side views of the lab-made device. From left to right: detail of the heater sandwiched between two identical samples (here XPS foam), themselves inserted between 2 aluminum blocks; general view of the setup gently compressed for allowing good thermal contacts; setup closed with half shells in the climate chamber.
The lateral sides were allowed to exchange heat with air by both convection and radiation with a global loss coefficient ℎ. The device was surrounded laterally by two aluminum halfshells, and at top and bottom sides by two extruded polystyrene disks: (i) completely insulating it from outside air movements and thus ensuring the reproducibility of external 
Results and discussion
Thermal conductivity of samples
With the centered permanent hot plate 18 used as a reference method, the thermal conductivity of each material was measured with an accuracy better than 3% and the corresponding results are given in Table 1 . These values were used for checking the accuracy of the Hot Disk method on the one hand, and for calibrating the new method on the other hand. Table 2 . The thermal conductivity of the XPS foam was correctly evaluated by the Hot Disk method (deviation lower than 6 %), but that of the super-insulating material SA was significantly overestimated (up to 87 %). The suspected reason of such discrepancy is heat transfer with air occurring at the connections of the probe wires (outside the sandwich). Indeed, this phenomenon is suspected to induce heat losses from the probe-sample sandwich, leading to an overestimation of the thermal conductivity. It should be noted that the deviation would have been far smaller with a hot disk of higher diameter (> = 2.001 WW in our measurements).
Application of the Calibrated Tiny Hot Plate (CTHP)
The calibration was carried out based on the 4 pairs of XPS foam samples having the thicknesses and the thermal conductivity already reported in Table 1 . The current flowing throughout the heating element was adjusted for obtaining a difference of temperature between the opposite sides of the samples close to 10°C. The corresponding data are gathered in Table 3 . For various values of the exchange coefficient ℎ ranging from 4 to 7 W m -2 K -1 , the values of leading to an estimated thermal conductivity equal to the one measured with the centered permanent hot plate (considered as a reference, see again Table 1) were determined for the sample of thickness = 3.03 WW. Those pairs of values (ℎ, ) were then used to estimate the thermal conductivity for the other sample thicknesses. The results thus obtained are presented in Fig. 5 . selected as they allowed estimating the thermal conductivity of all samples with a relative difference lower than 0.1 % with respect to the reference. Those values were then used for estimating the thermal conductivity of all the other samples listed in Table 1 . Three measurements were carried out for each of the 7 pairs of samples, and the results are given in Table 4 . It can be seen that the relative difference between the estimated values and the reference ones (centered hot plate) is always less than 7.2%, and even close to 3% in most cases. The PVC is the exception, with a relative difference close to 9%. Such larger discrepancy may be explained by the presence of contact resistances that are not totally negligible with respect to the thermal resistance 3bRh . The thermal resistance 3bRh of all the samples are reported in The average thermal conductivity which would have been estimated if the heat losses in the wires were negligible (i.e., k = 0) is reported in the last column of Table 4 . It can be seen that the error can be higher than 100% for the samples presenting the highest thermal resistances. The lower the thermal resistance, the lower the corresponding error because the heat flux that passes through the samples increases, and hence the proportion of the losses decreases. This is especially the case of the PVC sample.
The significant impact of the heat losses through both the wires feeding the heating element and the thermocouple wires was also evidenced as follows. For each experiment, the ratio of the heat flow rate lost through the wires to the total heat flow rate produced by the heater, ϕ wires / RI 2 , was calculated and the results are presented in Fig. 6 . It can be observed that the part of the total heat flow rate lost by the wires increases with the thermal resistance of the samples on the one hand, and that this ratio is higher than 30% for the most insulating samples on the other hand. This ratio is still higher than 10% for the PVC sample of thickness 5.15 mm, hence it is never negligible. Therefore, any estimation that would not take the heat losses through the wires into account would thus be erroneous. It is worth mentioning, however, that the lower is the area of the heating element, the higher is the ratio of the losses to the total heat flow rate. The wires losses might thus become negligible only if the area of the heater (and hence of the sample) was really much higher. 
Conclusion
In the present study, a new method called "Calibrated Tiny Hot Plate" (CTHP) was presented for measuring accurately the thermal conductivity of small samples belonging to the families of traditional insulating to superinsulating materials. Developing such method appeared necessary after observing severe discrepancies between results from guarded hot plate and Hot Disk techniques. The Hot Disk may indeed be preferred not only because it is fast but mainly because it allows in practice the use of small samples. However, the experiments showed the impossibility of recovering the expected values of thermal conductivity of insulators that had been precisely characterized with a reference method.
The present work indeed stressed the dramatic impact of the heat lost through the wires of the heating element and of the thermocouple, especially as soon as such heater presents a low area: the smaller the heater (and hence the corresponding sample), the higher the error on the estimated value of thermal conductivity. The error was even higher, near 90%, in the case of superinsulating material. Such problems were indisputably evidenced in the case of the Hot Disk method, whose relevance to the characterization of small and poorly conducting materials must therefore be questioned.
The new CTHP method was developed based on a metallized heating element sandwiched between two small cylindrical samples, and between which a thermocouple was inserted. A model of heat transfer in such system, combined with a calibration using a series of materials of various but accurately known thermal conductivities and thicknesses, allowed calculating a global heat exchange coefficient and another coefficient characterizing the losses throughout the wires (heater and thermocouple). The corresponding values finally allowed estimating thermal conductivities within the range 0.014 -0.2 W m -1 K -1 based on samples having thicknesses from 3 to 9 mm and diameters as low as 15 mm. The accuracy of this new method was much better than 10%, which is a remarkable result for characterizing so small insulating materials. 
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